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Abstract 
Effect of Decellularization Protocol on the Mechanical Behavior  
of Porcine Descending Aorta 
John C. Fitzpatrick 
Dr. Franco M. Capaldi 
 
Diseases of the human vascular system are the leading cause of death and hospitalization 
in the United States.  Surgical treatments for vascular complications, such as bypassing or 
replacing occluded arteries, are complicated by the lack of healthy tissue available for 
grafting.  The feasibility of using xenografts and allografts has recently been 
demonstrated as an alternative to DACRON and expanded polytetraflouroethylene 
(ePTFE) biomaterials, which lose patency after a short time.  Through decellularization 
procedures, vascular tissue can be reduced to a sterilized scaffold, seeded with the 
transplant recipient’s endothelial cells, and implanted with a low risk of rejection.  
Enzymatic-detergent treatments used to lyse vascular smooth muscle cells (VSMCs) may 
use deoxycholic acid, TritonX-100/EDTA, or SDS, which disrupt cellular adhesion 
integrins.  These treatments may significantly impact the mechanical properties of the 
extracellular matrix scaffold and contribute to graft compliance mismatch.  
 
Native and decellularized longitudinal arterial tissue samples cut from similar cross-
sections were tested in  uniaxial tension to observe changes in mechanical behavior 
resulting from decellularization protocols published in Rieder et al., (2004), Schaner et 
al., (2004), and Bader et al., (1998).  Rectangular parellepiped arterial wall samples were 
analyzed as membranes in terms of engineering stress. Experimental uniaxial stress-
stretch data were fit to a modified form of the Yeoh rubber model by least-squares curve 
viii 
  
fitting. The Yeoh parameters generated by the least-squares fit for native and 
decellularized sections were then assessed for statistical significance using a paired t-test 
analysis. 
 
The TritonX-100/EDTA and 0.075% SDS treatments resulted in highly variable 
mechanical changes and did not effectively lyse VSMCs, as determined by H&E staining.  
The 0.25% deoxycholic acid treatment reported in Rieder et al., (2004) showed minimal 
changes in mechanical behavior and effectively lysed VSMCs.   
 
The data suggests a 0.25% deoxycholic acid treatment has minimal effects on mechanical 
properties of aortic tissue while effectively lysing VSMCs and is therefore a more 
effective option than TritonX-100/EDTA and SDS treatments for the preparation of 
xenografts and allografts. 
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1.  INTRODUCTION 
 
In the United States, diseases of the heart and circulatory system are the leading 
causes of death and hospitalization [1, 2].  The current treatments for treating such 
conditions are angioplasty, stenting, and bypassing the affected vessel.  Not only will 
these treatments cause the vessel to remodel at local injury sites, but they will also alter 
the mechanical behavior of the vessel.  Flow disturbances resulting from changes in the 
vessel’s geometry or mechanical behavior may also cause vessel remodeling.  Since these 
paired interactions may occlude a surgically repaired vessel over time, it is of great 
interest and importance to minimize in vivo remodeling in order to prolong vessel 
patency. 
When the occlusion of a blood vessel is severe enough to warrant bypass grafting, 
autologous vessels are preferred, since they are the most immunologically and 
mechanically compliant vessels available.  However, up to 40% of patients needing 
bypass surgery may not have a healthy artery or saphenous vein of suitable length for use 
as an autograft [3].  Synthetic grafts such as Dacron (polyethylene terephthalate) and 
expanded polytetraflouroethylene (ePTFE) are currently the standard clinical alternative 
in cases where no autologous grafts can be used.  These synthetic grafts function 
exceptionally well in vessels that have high flow and low shear characteristics, 
maintaining a reported 90% patency rate after five years as an aortiobifemoral graft [4].  
Under the high flow, low resistance conditions found in small-diameter vessels, synthetic 
grafts are commonly associated with post-graft complications.   
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One factor leading to such complications is compliance mismatch, the differing 
mechanical properties between grafts and native vasculature.  Implanted grafts will 
biologically remodel to compensate for this mechanical difference, but excessive 
remodeling may occlude the artery.  While ePTFE grafts have been commercially 
available for transplant for over 40 years, these grafts have a 20% decreased patency rate 
over a five year period for femoropopliteal bypass procedures when compared with 
autologous saphenous vein grafts [5].  Synthetic grafts are also known to elicit thrombotic 
complications when used for peripheral bypass applications [6, 7].  Even autologous 
saphenous vein grafts used to replace small diameter vessels are vulnerable to in vivo 
remodeling due to injury or increased loading, which may cause occlusion of the vessel 
[8, 9].   
In light of the complications caused by synthetic grafts’ mismatch with small-
diameter arteries, there have been efforts to create a tissue-engineered blood vessel in 
vitro, but these vessels are susceptible to rupture and are not a timely solution [10-14].  
Recent studies on arterial allografts [15-17] and xenografts [13, 18-20] have shown that 
an arterial extracellular matrix may be preserved and seeded with the host’s endothelial 
cells to prevent immunogenic rejection.  These processes are advantageous because the 
graft is available in days rather than weeks or months.   
Xenogenic extracellular matrices isolated from various tissues of sus scrofa 
domesticus, the common domesticated pig, have been used as a scaffold for a variety of 
tissue engineering applications including lower urinary tract reconstruction, skin 
reconstruction, orthopaedic applications, and arterial grafts [21].  Acellular xenogeneic 
scaffolds have the unique potential for host cell re-colonization without inducing an 
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immunogenic response [22], since the amino acid sequence and quaternary structure of 
many extracellular matrix proteins are highly conserved among various species [21, 23].   
The goal of a decellularization procedure is to remove all of the cellular 
components from the extracellular matrix while preserving its biological activity and 
mechanical integrity. Decellularization protocols may involve any combination of 
physical, chemical or enzymatic methods and utilize a variety of detergents, enzymes or 
solvents to lyse the native smooth muscle cells from the extracellular matrix [23].  The 
treatments effectively reduce antigenicity while creating free volume spaces upon which 
the host’s native cells are able to proliferate [24, 25].  Aside from being biocompatible, 
an ideal arterial graft should be non-thrombogenic and exhibit similar mechanical 
properties of the native vasculature which it will replace [26, 27].  Compliance mismatch 
between a patient’s autologous tissue and the graft creates local flow disturbances, which 
may lower the vessel wall shear stress at the anastomosis of a graft and lead to the 
progressive development of intimal hyperplasia, the most common cause of occlusive 
graft failure [28-34].  It is extremely important to preserve the mechanical integrity of the 
extracellular matrix while lysing all cellular components in order to sustain patency of 
xenogeneic derived grafts. 
To date, there have been several studies that have investigated the mechanical 
effects of decellularization on vascular tissue segments [15, 19, 25, 35-37].  Some studies 
compare vessel compliances under inflation loadings [25, 37].  Other studies compare 
rupture properties of native and acellular vessels, but do not quantify differences 
observed in the 1.3 ≤ λ ≤ 1.6 stretch range of load-displacement curves [19, 35, 36], even 
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though this is generally accepted as the in vivo stretch range [38, 39].  These studies may 
also have shortcomings in testing methodology that affect reported results.  
One previous study compared native and acellular porcine carotid artery lengths 
using uniaxial tensile tests, but the adventitial layer was removed to expedite the 
decellularization process [35].  The effect of decellularization on the adventitia cannot be 
ignored, since detergents such as SDS or deoxycholic acid may disrupt structural protein-
protein interactions [23].  Among the xenograft and allograft studies previously 
mentioned, [19] and [35] compared native and acellular samples that had not been 
preconditioned, even though results obtained from preconditioned soft tissue samples are 
typically reported in order to minimize the effects of hysteresis [40].  The mechanical 
environment of arteries was not fully considered in a study that compared native and 
acellular arteries using compression testing [15]; because arterial tissue is in a constant 
physiological state of tension due to systolic and diastolic pressures, arterial tissue should 
be tested for changes in its tensile properties.   
The availability of suitable synthetic, allogeneic, or xenogenic graft scaffolds for 
small-diameter arteries would greatly aid patients needing coronary or peripheral bypass 
surgery. The concern in this study deals with quantifying changes in the mechanical 
behavior of xenogenic scaffolds that have been isolated from the aorta of sus scrofa 
domesticus.  Decellularization procedures used to sterilize allografts and xenografts have 
been shown to change arterial tissue’s mechanical compliance [25, 35].  Such changes are 
undesirable in a prosthetic graft since compliance mismatch is a limiting factor of graft 
patency.  Thus, there is a clear need to characterize any mechanical changes arising from 
decellularization processes.  
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2.  CHARACTERIZATION OF ARTERIAL TISSUE 
 
 Arterial tissue is a layered, non-homogeneous, anisotropic material that exists in a 
constant physiological state of tension.  The layers of an artery consist of the intima, 
media, and adventitia, and each layer contributes uniquely to the overall mechanical 
properties of the vessel.  The intimal and medial layers are typically assumed to behave in 
a linear elastic manner, while the adventitial layer has a strong nonlinear response due to 
its oriented collagen fibers.   
Many investigators have sought to characterize arterial tissue experimentally and 
develop models which can predict shear stress concentrations, flow fields, and 
compliance mismatch.  This review will be restricted to literature investigating tensile 
behavior of human and porcine arterial tissue. 
2.a.  Native Blood Vessel Behavior 
 
 Constitutive equations describing the mechanical behavior of blood vessels have 
evolved from one-layer homogeneous, isotropic shells to multilayer anisotropic models.  
The main sets of constitutive equations proposed by Fung describe incremental linear 
elastic modulus or orthotropic nonlinearity. 
 In a study to validate the need for a two-layer arterial wall model, Lu et al., 
(2004) performed mechanical testing on intact and dissected porcine carotid arteries [41].  
The layers were approximated as homogeneous, linear elastic, incompressible shells that 
display orthotropy.  Intact vessels and sections of intima-media or adventitia were 
characterized by inflation and axial stretch tests, and mechanical behavior was described 
in terms of incremental homeostatic moduli. 
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 For the inflation testing, samples were preconditioned circumferentially.  Vessels 
were tested intact and either the adventitial or intimal-medial layer was dissected before 
retesting.  Axial stretch (λz) was held constant as pressure was varied between 100 and 
163 cmH2O; data was taken for each axial stretch between 1.30 and 1.50 in 0.05 
increments.  Mechanical data was fit to equations in order to calculate the homeostatic 
incremental moduli in the circumferential direction [42].  A composite linear spring 
model was used to relate the behavior of each layer to the intact vessel. 
 Results of the study suggest the order of relative homeostatic moduli of each layer 
differs in circumferential and axial orientations.  In the circumferential direction, the 
media is stiffer than the adventitia, and in the axial direction, the adventitia is stiffer than 
the media.  A conclusion drawn from this study is that, under homeostatic conditions, 
media supports the majority of circumferential tension and the adventitia supports the 
majority of longitudinal tension.  The group reported similar results after fitting similar 
data to an exponential ‘Fung-type’ strain energy equation [39]. 
 Holzapfel took a further step in the characterization of a multilayer arterial model 
when evaluating the independent mechanical behavior of the intimal, medial, and 
adventitial layers taken from sections of the aortic wall in an 80-year old cadaver [43].  
Mechanical data was fit to a constitutive model with neo-Hookean and ‘Fung-type’ strain 
energy terms.  Inequality constraints were imposed on the constitutive model parameters 
in order to predict collagen fiber angles, which were determined experimentally with 
histological analysis.  
Longitudinal and circumferential strip samples were dissected and tested under 
uniaxial tension.  Two specimens per layer were tested with preconditioning, but 
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experimental limits were not reported.  Data was fit to nonlinear functions based on 2nd 
Piola-Kirchoff stresses using Marquardt-Levenberg nonlinear optimization.  The 
functions were weighted in terms of circumferential and longitudinal behavior, though 
the values of the ‘weighting factors’ were not reported. 
The aforementioned studies on the passive behavior of arterial tissue have their 
limitations.  Though Holzapfel’s method of predicting collagen fiber angles is novel, it is 
complicated by additional parameters used to combine longitudinal and circumferential 
uniaxial tension data sets with a hybrid Hookean and ‘Fung-type’ strain energy equation.  
In addition to being based on an extremely small set of mechanical data, intact tissue 
strips were not tested before being dissected, so there is no clear comparison for fitted 
constitutive parameters.  While the biaxial approach taken by Pandit et al., (2005) seems 
to be a thorough method for mechanical characterization, it must be mentioned that 
nonlinear optimization of an exponential strain function may lead to ill-conditioned curve 
fits.  Both Pandit et al., (2005) and Holzapfel (2006) use exponential ‘Fung-type’ models, 
which may present issues when applied to vessel remodeling. 
2.b.  Acellular (Decellularized) Blood Vessel Behavior 
 
 Dahl et al., (2003) were the first to report comparisons of tensile mechanical 
response in decellularized arterial tissue.  Intimal-medial layers of porcine carotid arteries 
were segmented and underwent a decellularization procedure.  Native vessel segment 
behavior was compared with that of segments that underwent the decellularization 
protocols.  Three protocols were compared. 
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 Inflation testing of carotid segments was conducted without axial stretch and 
without circumferential preconditioning.  Vessels were loaded until rupture, and stress-
strain data was calculated from optical measurements of the outer diameter of the vessel, 
taking into account constant vessel cross-sectional area as determined by histology.  
Results suggest that there is an extreme difference between the mechanical behaviors of 
decellularized and native vessels, and this is posited to be attributed to early engagement 
of collagen due to the absence of VSMC after decellularization. 
 The issue of decellularization changing the mechanical compliance of porcine 
artery is investigated in Roy et al., (2005).  Inflation testing at constant axial stretch was 
used to compare the circumferential incremental elastic modulus and vessel distensibility 
of porcine carotid arteries before and after a four-stage decellularization treatment that 
included Triton X-100 and SDS.   
 Porcine carotid artery segments were loaded onto a cannula, stretched axially    
(λz=1.3) and preconditioned before an experimental run during which pressure was 
increased from 10 to 150 mmHg at a rate of 1 mmHg/sec.  Native segments were tested, 
decellularized, and re-tested.  Stress-strain data, vessel distensibility, and Hudetz 
incremental elastic modulus were calculated from ultrasonic measurements of the inner 
diameter and wall thickness. 
 Results suggest that circumferential compliance decreased after this 
decellularization treatment.  Incremental elastic modulus of acellular tissue was 
significantly higher than that of native tissue for the physiological circumferential stretch 
range.  Acellular segments were reported to be notably less distensible than native 
segments by a factor of three at the physiological pressure of 100 mmHg.  Assuming that 
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the elastic properties of elastin were not affected by the decellularization treatment, Roy 
et al. conclude that collagen engages at low pressures. 
 The study conducted by Dahl et al, (2006) had several shortcomings.  
Decellularization effects on control and treated vessels were compared only by burst 
pressure, and intact vessels were not considered.  Roy et al., (2005) complete a thorough 
biomechanical analysis on the tissue, however the multi-step treatment used SDS, which 
had already been reported to denature or disrupt tissue structure in previous 
decellularization studies [44].  
2.c.  Modeling Arterial Tissue Behavior Within Physiological Limits 
 
 In order to predict, model, and compare the mechanical behavior of blood vessels, 
experimental data is typically fit to stress-strain relations derived from strain energy 
functions.  Studies that apply strain energy functions derived with assumptions of 
elasticity, such as Hookean or quasi-static models, are only valid for relatively small 
portions of tensile displacement, since blood vessels behave nonlinearly within 
physiological limits.  Exponential and hybrid linear-exponential functions are exceptional 
at fitting experimental curves over the physiological loading range, but the empirical 
nature of the fit does not lend itself well to comparison or interpretation of fit parameters.  
In order to avoid these limitations, a general hyperelastic strain energy model was used to 
fit data from uniaxial tension experiments.  
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2.c.i.  Hookean Models  
 
Hookean models have primarily been used in studies that consider differences in 
mechanical behavior or remodeling by comparing incremental moduli [41, 45].  Kirchoff 
stresses Sij can be related to the strain energy W,  
 
( )
ij
ij E
WS ∂
∂= 0ρ
. 
( 1 ) 
Considering small perturbations about a constant homeostatic value, such as an in vivo 
state, the Kirchoff stresses and Green’s strains can be written as 
 ijijij SSS δ+= 0  and ijijij SSS δ+= 0 , ( 2 ) 
respectively.  Substituting these relations back into (1) yields 
 
kmijkmkm
ijkm
ij ECEEE
WS δδρδ =∂∂
∂= 0
2
, ( 3 ) 
where Cijkm represents values of the second derivatives of ρ0W at an in vivo condition.  
This leads to the Hookean relations 
 2212111111 EYEYS δδδ += , ( 4 ) 
 2222112122 EYEYS δδδ += , ( 5 ) 
 and 1212 2 EGS δδ = . ( 6 ) 
The incremental moduli Y11, Y22, Y12 can be calculated from least squares analysis by 
solving the matrix 
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0
ij
n
ij
n
ij SSS −=∆ , 0ijnijnij EEE −=∆ , ( 14 )  
given nijS  is the n
th experimental value from the data set and E0 is the homeostatic value.   
While this approach is valid for determining small perturbations about a 
homeostatic value, Hookean equations cannot accurately model the mechanical behavior 
of arterial tissue across a spectrum of physiological stresses and strains. 
2.c.ii.  Exponential Models 
 
 Exponential terms may be added to the Hookean model to model nonlinear 
biological materials.  Holzapfel (2006) and Pandit et al., (2005) used the Fung-type 
nonlinear model in their studies.  A general form of this type of equation for a biaxial 
state of stress is  
 [ ]QecqW +=0ρ , ( 15 ) 
where 
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 22114
2
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2
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2
111 2 EEEEEq αααα +++=  ( 16 ) 
and 
 
2
22
2
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2
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2
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2
222
2
111 2 EEaEaEaEaEaQ ++++= . ( 17 ) 
Values of αi and ai are constants, and Eij are components of the Green strain tensor.  
Marquardt-Levenberg nonlinear least squares analysis is typically used to determine these 
constants. 
 Holzapfel’s hybrid isotropic-orthotropic strain energy function used a neo-
Hookean model to combine data from uniaxial tension tests on longitudinal and 
circumferential arterial strips [43].  The neo-Hookean portion, simplified for principal 
strains, can be written  
 
)3(
2 1
−=Ψ Iiso µ , or ( 18 ) 
 
[ ][ ]1)12)(12()(2
2
1
22112211 −++++=Ψ −EEEEiso µ .  ( 19 )  
In this case µ is the only constant associated with linear behavior.  Both Pandit et al., 
(2005) and Holzapfel (2006) used an orthotropic strain energy function simplified for 
principal strains when modeling nonlinear behavior, 
 )1( −=Ψ Qortho eC ,  ( 20 ) 
where 
 
2
2222221112
2
1111 EcEEcEcQ ++= . ( 21 ) 
 While the method of using exponential functions is accepted by many authors, 
Pandit et al., (2005) point out that using exponential functions to solve nonlinear 
“inverse” functions may result in large differences in constants due to small differences 
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in the data.  These large differences may present difficulties when analyzing trends in 
data sets or proving statistical differences in calculated model parameters.  
2.c.iii.  Rubber Models 
 
Like biological materials, rubber exhibits nonlinear behavior at large strains.  A 
parallel between these materials’ behavior is the existence of chain-like molecular 
structures; rubber is composed of polymer chains, and each arterial layer has oriented 
collagen fibers [43].  Rivlin’s derivation for the stress-stretch relation is straightforward, 
and will be briefly reproduced here for the limiting case of uniaxial extension [46].  
If a unit cube of isotropic elastic material is subjected to a homogeneous 
deformation with extension ratios λ1, λ2, λ3, then the work done by the external stresses 
p1, p2, p3 which cause the extension ratios to increase to λ1+δλ1,  λ2+δλ2, λ3+δλ3, 
respectively, is equal to the change in strain energy, 
 321323121321 δλλλδλλλδλλλδ pppW ++= .  ( 22 ) 
Defining the total strain energy in the system, W, as a function of the strain invariants I1, 
I2, and I3, and therefore λ1, λ2, and λ3, 
 
3
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∂= WWWW . ( 23 ) 
The external stresses can be defined in terms of the strain energy, 
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1
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2
1
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1
λλλ ∂
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and the chain rule can be used to determine relations for 
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, 
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: 
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Taking into account the relations for strain invariants,  
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the equations for external stresses can be written as  
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Yeoh found that the quantity 
3I
W
∂
∂
 can be eliminated by considering stress 
differences in the material [47]:  
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In the case of an incompressible material, I3=1.  Taking p2=p3=0 for the uniaxial tension 
case and assuming the material is homogeneous and isotropic, the simplification λ1=λ can 
be made, and consequently 
 λ
λλ 132 ==
. 
( 37) 
Equation (34) can then be simplified to  
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where σ is Cauchy stress.   
 The strain energy function for incompressible rubber, expressed in terms of strain 
invariants, is  
 
( ) ( )∑∞
=+
−−=
1
21 33
ji
ji
ij IICW .  ( 39 ) 
The neo-Hookean model is represented by truncating the series after the first term, and 
the Mooney-Rivlin model is represented by truncating after the second term.  Yeoh 
assumed that 
2I
W
∂
∂
 was sufficiently small to be negligible in comparison to
1I
W
∂
∂
, so 
setting 
2I
W
∂
∂
=0 and taking three terms from (39), 
 ( ) ( ) ( )31302120110 333 −+−+−= ICICICW   ( 40 ) 
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and correspondingly, 
 
( ) ( )[ ]363421 1301201022 −+−+⎟⎠
⎞⎜⎝
⎛ −= ICICCλλσ  
( 41 ) 
the Yeoh model stress-stretch relation (41) is derived [47]. 
While Yeoh knew that it wasn’t entirely valid to neglect 
2I
W
∂
∂
 from a theoretical 
standpoint, it fit the current rubber data more successfully than the Hookean or Mooney-
Rivlin models.  For cases where small strains are considered, an exponential term was 
recommended as a supplement to the strain energy function. 
Recently, Martins et al., (2006) compared the applicability of several material 
models to fit uniaxial tensile data for silicone rubber and biological tissue.  They found 
that the Yeoh, Ogden, and Martins models fit both sets of data with correlation 
coefficients higher than R=0.99, which are considered good fits.  Martins et al. note that 
the Ogden and Martins models are based on exponential functions, while the Yeoh model 
is a general hyperelastic function which can fit a wide range of materials.  Taking an 
approach similar to Martins et al., (2006), uniaxial data was fit to the models and the 
variation of coefficients for native tissue was considered.  Yeoh parameters varied the 
least among the material models.  For this purpose the Yeoh model is used to assess 
changes in mechanical behavior between native and decellularized porcine aorta. 
Mooney-Rivlin, Yeoh, Ogden, and Martins curve fits are plotted below (Figure 1) 
against experimental data for a longitudinal strip sample loaded in tension up to a stretch 
ratio of 1.5.  The curve fit expressions for these models in terms of the stretch ratio λ are 
shown in (42)-(45).  Additional fits to native samples for Protocols B and C can be found 
in Appendix B, along with the values of the constants for each model’s curve fit. 
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Figure 1: Experimental data plotted alongside curve fits to nonlinear 
material models. 
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3.  MATERIALS AND METHODS 
 
Freshly excised segments of porcine aorta were trimmed and sectioned 
longitudinally to make sets of paired samples.  Of these pairs, one sample was tested as a 
control (native) and the other (acellular) underwent a decellularization procedure.  All 
samples were tested by cyclical tensile loadings and analyzed as membranes in terms of 
engineering stress. 
3.a.  Paired Sample Testing 
 
Excised portions of aortic vessels from adult pigs weighing 90-105 kg were 
obtained from an abbatoir (Kolb Brothers, Spring City, PA) and transported in a 0.9% 
saline solution on ice for no more than two hours. A 150 mm aortic length that tapered in 
external diameter from 15 mm to 10 mm was removed from the artery.  After being 
trimmed of connective tissue, the vessel was cut with surgical scissors along its line of 
ventricles, pressed flat, and sectioned every 30 mm.  Paired, similar 10 mm-wide 
longitudinal (axial) samples were made from these sections (Figure 2).  Of these pairs, 
one sample (native) was reserved for immediate tensile testing and the other sample 
(acellular) underwent a decellularization process.  Each set of arterial samples designated 
for decellularization was tested immediately after the designated decellularization 
incubation periods for each protocol.  
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Figure 2: Longitudinal sample preparation: cuts made on dashed lines; 
similarly cross-hatched areas are paired sets. 
 
3.a.i.  Mechanical Testing Procedures  
 
Prior to testing, the thickness and width of each longitudinal artery sample was 
measured at three points with a digital micrometer.  These measurements were averaged 
and used to calculate each sample’s cross-sectional area.  The error due to variations in 
thickness and width of the samples is on the order of 10%, but does not affect the results 
of this study.  
Each tensile specimen was loaded into notched stainless-steel grips set 20 mm 
apart.  Micrometer readings were taken to determine the actual gage length at zero strain.  
The sample was then immersed in an isotonic (154 mmol NaCl) saline bath within a 
plexiglas cylinder affixed to the base.  The temperature of the bath was maintained at 
38°C for 15 min prior to tensile loading.  A force-displacement curve was recorded at a 
strain rate of 0.1 mm/sec (1%/sec) for four load-unload cycles to account for hysteresis 
(Figure 3).  Each loading cycle ended at a longitudinal stretch ratio of approximately 1.5. 
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Figure 3: Example of hysteresis in native and acellular tissue samples for 
four load-unload cycles. 
 
The laboratory uniaxial tensile system (Figure 4) consists of a linear actuator (D-
A.083-HT17E5-4-1NO-/4; Ultra Motion, Cutchogue, NY) controlled by a stepper motor 
outfitted with optically isolated inputs (DR-4MPS; Advanced Micro Systems, Nashua, 
NH).  A signal conditioning controller (SC-2350; National Instruments, Austin, TX) was 
configured to output step signals to the stepper motor while acquiring data from the linear 
actuator’s encoder and a load cell (MDB-10; Transducer Techniques, Temecula, CA).  
The accuracy of the load cell, calculated from uncertainties in terms of its percentage of 
rated output, is within 0.2870 N for all experimental measurements taken.  The linear 
actuator was mounted in an inverted position and threaded rod lengths connected the 
21 
  
grips to the load cell and base of the apparatus.  The linear actuator encoder and load cell 
were configured as DAQ inputs in a LabView VI application (National Instruments, 
Austin, TX). 
   
 
Figure 4: Uniaxial tensile system setup and components. 
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3.a.ii.  Mechanical Data Analysis 
 
In order to minimize the effects of hysteresis in each tissue sample, only the final 
(fourth) loading curve was analyzed.  The stress-stretch data was normalized for stretch 
values between 1.00 and 1.50.  Using a least-squares analysis in Excel, the Yeoh model 
function, 
 ( ) ( )( )2131212 333212 −+−+⎟⎠⎞⎜⎝⎛ −= IcIccYeoh λλσ ,  ( 46 ) 
was used to fit the data, where 
 λλ
22
1 +=I
 
( 47 ) 
and λ is the stretch ratio, I1 is the trace of the Right Cauchy-Green tensor, and c1, c2, and 
c3 are fitting constants defined in a least-squares analysis [48].  While fitting the Yeoh 
model to acquired data, there was no significant change (∆R<0.006) in the quality of the 
fit if c2 was excluded, so only the linear Hookean term c1 and the strain-hardening 
‘hyperelastic’ term c3 were considered to simplify the analysis.  Curve fit constants were 
determined by using the modified equation 
 ( )( )21312mod_ 3312 −+⎟⎠⎞⎜⎝⎛ −= IccYeoh λλσ .  ( 48 ) 
Results from sample pairs whose curve fits can be visually identified as inaccurate 
fits or whose correlation coefficients (R) are less than 0.992 have not been considered.  
The correlation coefficient comparing two data sets is defined as 
 
( ) ( )
( ) ( )∑∑
∑
==
=
−−
−−
==
m
i
ei
m
i
ti
m
i
eiti
ffff
ffff
RCC
1
2
1
2
1.. ,  ( 49 ) 
23 
  
where the subscripts t and e denote theoretical and experimental values, respectively [49]. 
 After c1 and c3 parameters were generated from excellent curve fits to the 
experimental data, acellular constants were compared to the native constants with the 
baseline parameter of “percent change.”  The concept of “percent change” was used 
rather than absolute change because each paired sample set is unique with respect to the 
site along the tapering aortic length from which it was taken.  This approach allows the 
changes observed in both proximal and distal arterial sections undergoing the same 
decellularization protocol to be combined in a single data set.   
 Native samples were used as controls for each set and the percentage change of 
acellular constants was analyzed.  This approach sets the native constants to 100% 
(unity): 
 ( ) ( )( ) 100% •∆
∆=∆
nativei
i
i C
C
C
. 
( 50 ) 
3.b.  Decellularization Protocols 
 
Three well established enzymatic and detergent treatments were used to lyse cells 
from porcine aortic strips [24, 36, 50].  All of the tested protocols have been used to 
successfully decellularize porcine heart valve roots and leaflets [24, 44, 50-57], though 
the specific protocols tested have not been extended to fully intact porcine arterial tissue 
segments.  Protocol A was used successfully as a decellularization method in heart valve 
decellularization-recellularization studies [50, 51], but was then used without RNase to 
decellularize porcine artery without its adventitial layer by Dahl et al., (2003), who found 
no significant difference in DNA content between treated and untreated vessels.  Booth et 
al., (2002) championed 0.03-1% SDS and 0.5-2% deoxycholic acid treatments as 
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successful decellularization techniques for porcine heart valves. Since then, Rieder et al., 
(2004) reported difficulty with recellularizing vessels after decellularization in 0.1% SDS 
solution and Kasimir et al., (2003) confirmed decellularization in aortic valve conduits 
with 0.03% SDS but also noticed disintegration of matrix fibers during SEM analysis.  
Deoxycholic acid treatments have had more success than SDS treatments recently, as 
Erdbrugger et al., (2006) successfully implanted porcine pulmonary valves in juvenile 
sheep and human models after a 1% deoxycholic acid treatment.  Fang et al., (2007) 
successfully decellularized porcine aortic valves with a deoxycholic acid protocol similar 
to Protocol C and recellularized the valves with endothelial progenitor cells derived from 
human umbilical cord.  Deoxycholic acid treatments also show promise from a 
mechanical standpoint, as a 4% deoxycholic acid solution was used to decellularize 
canine common carotid artery without significant changes in compliance between native 
and decellularized vessels [37].  Since most successful decellularization protocols 
published to date have either been given mixed reviews or have not been tested on 
porcine artery segments, it is necessary to compare the effects of each protocol on 
porcine artery.  By comparing the mechanical behavior of both native and acellular 
tissue, a determination can be made as to which decellularization procedure most 
effectively preserves the mechanical properties of the extracellular matrix.  
Protocol A uses a solution of 1% tert-octylphenyl-polyoxythylen (Triton X-100; 
Fisher Scientific, Fair Lawn, NJ) and 0.02% ethylenediaminetetraacetic acid (EDTA; 
Fisher Scientific Fair Lawn, NJ), by weight, in Phosphate Buffered Saline solution (PBS; 
MA031, Aqua Solutions, Deer Park, TX).  Samples marked for decellularization were 
constantly agitated in this solution for 24 hours at 37°C with RNase A (20 µg/mL; Roche 
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Diagnostics, Mannheim, Germany) and DNase I (0.2 mg/mL; Roche Diagnostics, 
Mannheim, Germany) before several rinse cycles in PBS [50].  Minimal changes are 
expected with Protocol A, since Triton X-100 will disrupt lipid-lipid and lipid-protein 
interactions while EDTA removes cellular material by binding to divalent cations at 
cellular adhesion integrins [23].  
Protocol B uses 0.075% sodium dodecyl sulfate (SDS; MP Biomedicals, Solon, 
OH), by weight, in PBS.  Samples marked for decellularization were constantly agitated 
in this solution for 15 hours at 37°C before five 15-minute rinse cycles in PBS at 37°C 
[36].  Protocol B may induce a moderate change in the mechanical properties of the 
tissue, as the hydrophobic-hydrophilic and ionic properties of SDS can alter protein-
protein interactions by opening the molecular structure of elastin and disrupting the 
hydrogen bonding of collagen [58].   
The final protocol tested, Protocol C, uses 0.25% Triton X-100 and 0.25% 
sodium-deoxycholate (Fisher Scientific, Fair Lawn, NJ), by weight, in PBS.  Samples 
marked for decellularization were constantly agitated in solution for 24 hours at 37°C 
before a 72 hour wash cycle in M-199 medium (Mediatech, Inc., Herndon, VA) kept at 
4°C.  Following the wash cycle, the marked samples were treated with RNase A (100 
µg/mL) and DNase I (150 IU/mL) with 50 mmol MgCl2 (Fisher Scientific, Fair Lawn, 
NJ) in PBS for 24 hours at 37°C.  After nuclease digestion, samples were again washed 
with M-199 medium for 24 hours at 4°C [55].  According to a report comparing 
detergents used for decellularization protocols, Protocol C may to cause moderate to 
severe changes in mechanical properties, since sodium deoxycholate is regarded as a 
more disruptive ionic detergent than SDS [23].   
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Trypsin was not considered as a reagent in this study because of reports of 
incomplete decellularization at short (24 h) incubation times [59] or damage to the 
extracellular matrix of vascular tissue at longer incubation times [44, 55] unless the tissue 
is pretreated [60].  McFetridge et al., (2004) showed that it is possible to stabilize the 
extracellular matrix against excessive damage with a 75% ethanol pretreatment; because 
subsequent stages included crosslinking, this protocol was not included among tested 
enzymatic-detergent cell extraction protocols. 
 The same types of PBS, Triton X-100, RNase A, and DNase I were used for 
applicable protocols throughout the study. 
3.c.  Statistical Analysis 
 
 Paired, two-tailed t-test analysis was used to assess the statistical significance of 
percent change for acellular samples based on c1 and c3 parameters.  The null hypothesis,  
 ( ) ( ) 0%%:0 =∆−∆ acellularxnativex ccH , ( 51 ) 
for x=1 and x=3, states that there is no difference between native and acellular tissue.  
Two criteria, ranked in order of importance, determine the effectiveness of a 
decellularization protocol: (i) a narrow confidence interval (±15%) and (ii) no statistical 
significance among differences in Yeoh coefficients (p<0.05 is significant). 
The result of each t-test is represented by a t-statistic, which is the number of 
“standard error of mean difference” intervals along a t-distribution between the mean and 
zero.  The probability p of the null hypothesis H0 being true is calculated as a relative 
measure between the observed and critical t-statistics.  If p<0.05, zero does not lie within 
the 90% confidence interval,  
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 )(.. 05.0%90 dSEtIC ∗±= =αµ ,  ( 52 ) 
and the null hypothesis, (51), can be rejected.  Note that for paired sample t-testing, the 
critical t-value has (n-1) degrees of freedom.  The mean of the sample set is represented 
by µ in (52), and tα=0.05  is the critical t-statistic, while )(dSE represents the “standard 
error of the mean differences.”  The standard error of the mean differences can be 
calculated from the standard deviation (SD) and number of samples n, as 
 ( )
n
SDdSE =)( .  ( 53 ) 
3.d.  Histological Methods 
 
Proximal (douter≈12-15 mm) and distal (douter≈10-12 mm) sections from native and 
acellular arterial samples were retained for histological examination in order to verify 
tissue decellularization.  Sections were fixed unloaded in 10% formal-saline at 4°C for at 
least 48 hours.  Samples were transferred to a 30% by weight sucrose/PBS solution, 
embedded in Tissue-Tek OCT (Sakura Finetek, Torrance,CA), and sectioned on a 
Reichert Jung 2800 Frigocut-E cryostat after sucrose saturation.  Sections with 15-20 µm 
thickness were transferred to slides and stained with a Mayer’s Hematoxylin and Eosin 
stain kit (SL029; DakoCytomation, Carpinteria, CA).  The stained sections were then 
examined under a light microscope for the presence of vascular smooth muscle cell 
nuclei. 
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4.  RESULTS 
 
Paired data sets were fit to the Yeoh material model (Figure 5 and Figure 6).  
Extended data for c1 and c3 for each protocol are displayed in Appendix B.  Incremental 
modulus values at λ=1.49 based on the modified Yeoh curve fit equation are also 
included in these data tables.  Past studies have identified the axial in vivo stretch ratio to 
be between λ=1.40 and λ=1.50 [38, 39]. 
 
 
Figure 5: Representative plot of a paired data set and 
corresponding Yeoh curve fits for Protocol A. 
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Figure 6: Typical final experimental load curves for native and acellular 
samples across Protocols A, B, and C. 
 
4.a.  Statistical Analysis Results – c1 
 
 The p-value, standard deviation (SD), and ‘standard error of the mean difference’ 
(SE(đ)) for the c1 parameter are presented for each protocol (Table 1).   
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Table 1: Comparison of statistics for c1 among decellularization protocols.  
Italics indicate statistical significance (p<0.05). 
 
 
Protocol A exhibits a very wide confidence interval [10.0% ± 26.5%] which 
envelopes the upper and lower confidence limits of Protocol C.  Protocol B [-26.6% ± 
17.1%] exhibits a wider confidence interval than Protocol C [13.9% ± 13.9%] and has 
statistically significant changes (p=0.02).  Protocol C has the narrowest confidence 
interval of the three protocols, and does not display statistically significant changes. 
4.b.  Statistical Analysis Results – c3 
 
 The results for c3 were analyzed in the same manner as c1.  The p-value, standard 
deviation (SD), and ‘standard error of the mean differences’ (SE(đ)) for c3 are presented 
for each protocol (Table 2).   
 
Table 2: Comparison of statistics for c3 among decellularization protocols. 
Italics indicate statistical significance (p<0.05). 
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While Protocol A [-27.9% ± 65.3%] and Protocol B [12.3% ± 61.5%] do not 
show statistical significance, both protocols exhibit wider confidence limits than Protocol 
C [-39.1% ± 27.7%].  Even if Protocol C produces statistically different results (p=0.03), 
the tissue’s ‘hyperelastic’ behavior changes more predictably in contrast to the effects of 
other protocols.   
4.c.  Optical Microscopy Results 
 
Native arterial tissue was stained as a comparison for determining whether a 
protocol was effective at decellularization (Figure 7d).  Protocols A and B do not 
effectively decellularize the arterial tissue, as blue-stained nuclei appear in the H&E- 
stained sections (Figure 7a-b).  Protocol C is the only protocol of the three that effectively 
decellularizes the tissue (Figure 7c). 
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Figure 7: Results of H&E stain (10x).  Image contrast was enhanced 40% 
to distinguish nuclei.  Cells are present in Protocol A (a) and Protocol B (b) 
but are absent in Protocol C (c).  Native tissue is shown for comparison (d). 
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5.  DISCUSSION 
 
Xenografts and allografts may be used as alternatives to stiff biomaterial implants 
such as Dacron and ePTFE, but current studies have overlooked compliance in the 
physiological range, have flaws in experimental methodology that affect reported results, 
or have not directly compared the mechanical behavior of native and acellular tissue.  
Changes in mechanical properties may indicate degradation of the extracellular matrix 
that would ultimately cause vessel thrombosis as a result of local injury or trigger intimal 
hyperplasia as a result of altered hemodynamics.  Such changes were investigated by 
analyzing differences between the mechanical behavior of native and decellularized 
porcine descending aorta.  Curve fits to experimental data (R>0.992) were used to 
determine parameters for the Yeoh material model.  Changes in material response could 
be inferred by changes in the model parameters, allowing direct comparison between the 
mechanical behavior of acellular and native tissue.  Ultimately, a procedure will be 
identified which minimally alters the mechanical behavior at in vivo stretch ratios. 
Drawing on the statistical analysis of the curve fit results, if a particular 
decellularization protocol has narrow confidence limits (±15%) and no statistical 
significance among sample differences (p>0.05), the protocol does not significantly 
affect the properties of the arterial tissue.  With respect to these standards for evaluating 
protocols based on curve fit parameters c1 and c3, tissue samples treated with Protocol A 
and Protocol B resulted in the highest variability in mechanical behavior, evidenced by 
large confidence intervals in comparison to Protocol C.  Based on this statistical analysis, 
Protocol C is expected to decrease elastic compliance and increase hyperelastic 
compliance.  Though Protocol C causes changes in mechanical behavior which are 
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statistically significant, in comparison to other protocols these changes are not only 
minimal but also repeatable.  Given these conditions, it is practical to ignore the statistical 
significance of Protocol C when determining the most efficacious decellularization 
protocol. 
Based upon the histological results shown in Figure 7(a)-(c), only Protocol C 
effectively lysed all vascular smooth muscle cells from the extracellular matrix.  After the 
initial results for Protocol A and Protocol B tested positive for nuclei, the protocols were 
repeated with seven times the original solution-to-tissue volumetric ratio (222:1 increased 
from 30:1).  Even at this high volumetric ratio, decellularization did not occur.   
Other biomechanical studies tested the effects of TritonX-100/EDTA, 0.05% 
SDS, and 0.1% SDS protocols on porcine artery with similar results.  Dahl et al., (2003) 
used DNA quantification tests to show that a TritonX-100/EDTA protocol (Protocol A 
without RNase) was ineffective at removing cells from intima-media vessels, while a 
0.05% SDS treatment was effective at cell removal.  The same study showed decreased 
compliance of decellularized vessels, though only rupture properties were statistically 
compared.  Additionally, since there were no significant differences in collagen 
quantification between native and decellularized vessels, collagen denaturation was ruled 
out as a contributing factor to alterations in mechanical compliance.  In light of these 
results, Dahl et al. posited that an alteration in vessel compliance for the 0.05% SDS 
treatment was caused by the absence of vascular smooth muscle cells.  This explanation 
is incomplete at best, since the TritonX-100/EDTA and SDS-treated vessels in their study 
display similar mechanical behavior, even though the TritonX-100/EDTA treatment did 
not decellularize the tissue.  Similarly, Roy et al., (2005) used a 0.1% SDS treatment in 
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their biomechanical study and found that the treated vessels were effectively 
decellularized but had a pronounced decrease in mechanical compliance.  However, Roy 
et al. attribute the decrease in decellularized vessels’ distensibility to the early 
engagement of collagen fibers at low pressures.   
Based on these results and those of others, it appears that TritonX-100/EDTA 
treatments are ineffective at lysing cells from porcine artery, while both TritonX-
100/EDTA and SDS-based treatments alter compliance of vessels.  Although there is no 
evidence that collagen denaturation is at fault for alterations in mechanical compliance 
for treated vessels, biomechanical investigations show that the compliance of native 
tissue is altered with treatments such as Protocol A and Protocol B. 
These results show that a 0.25% deoxycholic acid treatment, originally proposed 
by Rieder et al., (2004) for decellularization of porcine aortic valves, effectively 
decellularizes porcine descending aorta and induces minimal changes in mechanical 
properties of porcine arterial tissue at stretch ratios between 1.0 and 1.5.   These results, 
along with those of Murase et al., (2006), show that deoxycholic acid treatments 
effectively preserve the mechanical integrity of the arterial extracellular matrix.   
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APPENDIX A: Curve-Fitting 
 
A.1.  Curve Fit Plots 
 
 
Figure 8: Curve fits to experimental data for Protocol B, Native 4. 
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Figure 9: Curve fits to experimental data for Protocol C, Native 4. 
 
A.2.  Curve Fit Parameters 
 
Table 3: Curve fit parameters for material models (Equations 42-45) 
determined from experimental data for Protocol A, Native 4.  Plot shown 
in Figure 1. 
 
 
45 
  
Table 4: Curve fit parameters for material models (Equations 42-45) 
determined from experimental data for Protocol B, Native 4.  Plot shown 
in Figure 8. 
 
 
Table 5: Curve fit parameters for material models (Equations 42-45) 
determined from experimental data for Protocol B, Native 4.  Plot shown 
in Figure 9. 
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APPENDIX B: Comparison of Native, Acellular Data 
 
B.1.  Native vs. Acellular Plots 
 
 
Figure 10: Representative plot of a paired data set and corresponding 
Yeoh curve fits for Protocol B. 
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Figure 11: Representative plot of a paired data set and corresponding 
Yeoh curve fits for Protocol C. 
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B.2.  Native vs. Acellular Parameters 
 
With  respect to the modified form of the Yeoh model (Equation 48): 
 
Table 6: Extended data for Protocol A curve fits. 
 
 
Table 7: Extended data for Protocol B curve fits. 
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Table 8: Extended data for Protocol C curve fits. 
 
 
 
 
